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FOREWORD

This report was prepared for the United States Air Force and Navy by
Calspan Corporation, Buffalo, New York, in partial fulfillmeat of USAF Contract
Number F33615-79-C-3013 and describes an in-flight investigation of the effects
of high order control svstems on the lateral-directional flving qualities of
fighter aircraft.

The in-flight evaluation program reported herein was performed by
the Flight Research Department of Calspan under the sponsorship of the AFWAL
Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio and the Naval
Air Development Center, Warminster, Pennsvlvania working through a Calspan
contact with AFWAL. This work was part of Project 6645-F, NT-33 Task 8 and
utilized the USAF variable stability NT-33 operated by Calspan. !r. Jack Barry

was the program manager for AFWAL; his assistance deserves special acknowledge-
ment.

Completion of this evaluation program was dependent on the contri-
butions of many individuals from the Air Force, Navy, !icDonnell-Douglas Corp-
ration, and Calspan. Mr. Thomas Cord of AFWAL and Mr. David Bischoff of NADC
served as the technical monitors for this program; their work is gratefully
acknowledged. 1In addition, the support and interest of Mr. Raiph A'Harrah
(NADC) and Mr. David Moorhouse (AFWAL) were appreciated. Mr. John Hodgkinson
and Mr. William Moran of McDonnell-Douglas also deserve recognition for their
technical guidance and assistance in this program.

The work of the evaluation pilots - !dessrs John Ball and Michael
Parrag of Calspan and LCdr Kenneth Grubbs of the Naval Air Test Center -
warrants special recognition; their diligent efforts and professional manner
were vital to the successful completion of the program. The support of NADC
and the 107th Fighter Intercept Group of the New York Air National Guard was
also gratefully appreciated for the supply of target aircraft.

This report represents the combined efforts of many individuals of
the Flight Research Department. Mr. Stephen J. Monagan was the Project Engineer
and served as Safety Pilot. Mr. Rogers E. Smith was the program's technical
advisor and also served as a Safety Pilot. Mr. Randall E. Bailey was the
Assistant Project Engineer. The contributions of the following individuals
are also gratefully acknowledged:

Mr. Charles R, Chalk - Technical Consulting

Mr. James Lyons - Digital Computing

Messrs. Clarence Mesiah and Bernie Eulrich - DEFT Programming

Messrs. Ronald Huber and John Babala - Electronic Design and Maintenance
Messrs. Ray Miller, William Howell and Michael Sears - Aircraft Maintenance
Messrs. Alva Schwartz and Donald Dobmeier - Aircraft Inspection.

Finally, the excellent work of Mses. Miriam Ford, Dorothy Kantorski,

and Chris Turpin in preparation of this report deserves very special recognition.
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Section 1
INTRODUCTION AND PURPOSE

Modern fighter flight control systems use digital or analog computa-
tion techniques in combination with their advanced '"fly-by-wire" technology
to gain potential advantages such as improved mission performance and weight/
cost reduction. Examples of modern fighter aircraft which incorporate such
advanced flight control system designs are the F-16, YF-17, F-18 and Tornado.
Unfortunately, the potential of this expanded flight control technology has
not been realized. In fact, new flying qualities problems have often been
created in the process of solving the old ones.

With the operational acceptance of full-authority electronic augmen-
tation systems, the designer literally has the capability to tailor the flying
qualities of the aircraft as desired for each mission task. Typically, these
advanced design efforts have produced overly complex designs characterized by
"higher order" responses to the pilot's inputs. The additional control sys-
tem dynamics, or higher order effects, can potentially cause serious flying
qualities problems for modern fighter aircraft while performing precision tasks.

These new flying qualities problems are most often related to the
time delays which are introduced into the control system by the advanced flight
control design. The source of these time delays, which can cause dramatic de-
gradation in flying qualities for precision tasks, can be from the higher order
complexity of the flight control system design or, in the case of digital sys-
tems, inherent time delays. Digital flight control systems tend to be the
worse offenders since the power of the computer unfortunately encourages the
design of very complex systems.

Criteria based on classical aircraft characteristics, such as those
presented in MIL-F-8785B (Reference 1) are not sufficient alone for the design
of modern aircraft with highly augmented flight control systems; they are also
not adequate to evaluate the flying qualities of aircraft equipped with such
systems. A series of research programs has been conducted using the USAF/
Calspan NT-33A variable stability aircraft (References 3 to 10) to acquire a
flying qualities data base which is applicable to aircraft with highly aug-
mented flight control systems., From this research and data, criteria applicable
to the highly augmented, high order fighter aircraft have evolved. The new
military flying qualities specification (MIL-F-8785C, Reference 2) requires
the use of equivalent systems to show compliance with criteria based on
classical aircraft characteristics and also places limits on the allowable

control system time delay.

Most of these previous flying qualities research efforts have centered
on fighter aircraft longitudinal flying qualities. However, aircraft with
modern, highly augmented flight control systems have exhibited equally serious
lateral flying qualities problems. A suitable lateral flying qualities data
base applicable to modern, complex fighter aircraft did not exist. Without
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such a data base the designer cannot avoid a potentially expensive trial and
error development process with the real aircraft. The genesis of the research
experiment described in this report comes from a clear need for a flving
qualities data base for fighter aircraft with lateral higher order s&stems.

This report describes a research program intended to collect basic
lateral-directional flying qualities data applicable to aircraft with higher
order lateral flight control systems. The major portion of this experiment
was devoted to the lateral axis because: 1) the directional axis is not yet a
primary control axis, 2) experience to date with higher order flight control
systems has not shown significant directional flying qualities problems,
and 3) modern flight control systems allow the isolation of the lateral and
directional axes. Future flight control systems may use the directional axis
as a primary control axis (e.g. wings level turn, fire control-flight control
coupling) and will require extensive directional flying qualities research.

The specific objectives of the flying qualities research program
Jescribed in this report were to:

e Gather lateral-directional flying qualities data applicable
to fighter aircraft with complex higher order lateral flight
control systems in the context of precision maneuvering,
tracking, and refueling tasks, and terminal approach and landing
tasks (Class IV aircraft, Category A and C Flight Phases),
as a function of important lateral control system parameters.

e Continue the development of suitable control system design
and evaluation criteria which are applicable to highly
augmented fighter aircraft.

e Compare various Flight Phase A and C lateral evaluation tasks
with head-up display based evaluation tasks. Determine which
evaluation tasks are most sensitive to lateral control system
parameter changes and evaluate the validity of head-up display
evaluation tasks.

This report is divided into two volumes. The main body of the report
including the experiment design, its conduct, results, and preliminary analysis
of the data are contained herein as Volume I. Detailed information concerning
the experiment has, for the most part, been placed in a series of appendices
presented in Volume II. Included in Volume II are also additional analyses and
correlation of the data as well as the pilot comment summaries. Pertinent con-
clusions and recommendations based on this work are presented in the final
sections of Volume I.
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Section 2

EXPERIMENT DESIGN

2.1 EXPERIMENT SYSTEMS

2.1.1 NT-33A Aircraft

The test aircraft for this program was the USAF NT-33A research air-
craft operated by Calspan. This aircraft is equipped with a Variable Stability
System (VSS) which utilizes an analog response feedback technique to generate
the desired augmented aircraft dynamic response. A variable feel system,
suitable control system dynamics in the form of prefilters, and an adjustable
time delay circuit allow simulation of various flight control parameters. For
this program, a center stick was used. A detailed description of the NT-33A

VSS is included in Appendix I and in Reference 11. Pertinent details of the
lateral flight control system mechanization for this experiment are presented

in Section 2.2.

The external configuration of the NT-33A was:

1) Formation, Tracking, Refueling and HUD Tasks -

Gear and Flaps UP
Speed Brakes CLOSED

2) Approach and Landing Tasks -

Gear DOWN
Flaps 30 deg
Speed Brakes OPEN on final

A potential limitation in the experiment was the NT-33A maximum
achievable steady state roll rate of approximately 100 deg/sec at 280 KIAS.
An examination of the flight records showed that the maximum roll rate com-
manded during the evaluation tasks was less than 100 deg/sec. Therefore, the
NT-33A roll rate limit did not affect the results of this experiment.

For the refueling task evaluations, an air-to-air refueling boom was
attached to the lower right forward portion of the NT-33A nose (Figure 2-1).
The boom latched into the tanker drogue but did not transfer fuel.

2.1.2 DEFT System

The NT-33A is also equipped with a Display Evaluation Flight Test
(DEFT) system which includes a fully programmable Head-Up Display (HUD) sys-
tem. A complete description of the DEFT system is presented in Appendix J.
For this program the HUD was used as the primary instrument reference by the
evaluation pilot (Figure 2-2). A fixed HUD symbol, depressed approximately
1 degree below the horizon in level flight, was used as the air-to-air

S
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Figure 2-1 NT-33 Variable Stability Research Aircraft

Figure 2-2 Evaluation Pilot Cockpit in NT-33 Aircraft
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tracking index or "pipper.” The HUD and associated digital computers were also
programmed to produce a compensatory target tracking task for evaluations in
this program. Details of these tasks are presented in Section 2.4 and

Appendix D.

2.1.3 Support Aircraft

T-33 and F-101 aircraft from the 107th Fighter Interceptor Group
(New York Air National Guard) and a T-2 aircraft from the Naval Air Develop-
ment Center were used as targets for the air-to-air gun tracking and formation
evaluation tasks discussed in Section 2.4. Naval Air Test Center A-3 and
C-130 tanker aircraft were used during the air-to-air refueling evaluations.

2.2 LATERAL-DIRECTIONAL FLIGHT CONTROL SYSTEM

For this experiment the evaluation configurations were mechanized
using the NT-33A variable stability system, special electronic circuits, and a
special digital time delay circuit. A block diagram of the lateral-directional
flight control system is presented in Figure 2-3; a more detailed discussion
of the simulation mechanization is given in Appendix I.

To satisfy the objectives of this program, the lateral-directional
flight control system was designed to investigate several characteristics
typically found in highly augmented fighter aircraft.

2.2.1 Experiment Controlled Variables
* T, Lé
AS

- high roll damping (short TR) in combination with the

necessary high command gains (high Lé ) to achieve

AS
satisfactory steady-state roll performance is the typical
modern fighter situation and was of particular iaterest.

R

- equivalent time delay to represent the equivalent delay
effects of high frequency higher order control system
elements or pure digital time delays found in typical
modern flight control system designs.

® rle+1

128+1

- first order lag or lead/lag representative of typical
command path prefilters.
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e VYonlinear Command Gain

- typically used in an attempt to satisfy conflicting initial
(Prqz) 2nd final response (pgq/F,g) Tequirements.

o ¢

o
-~ with the advent of full authority augmentation systems,
much higher values of tpp are achievable and, indeed,

are typical of modern designs. A secondary goal of this
experiment was to investigate the effects of high gpp.

As discussed in Section 2.3, the selected evaluation configurations
were specific combinations of these primary experiment parameters and the
other fixed simulation characteristics. The experiment controlled variables
and the range of values tested for each flight phase are summarized in Table
2-1. A complete summary of the configuration characteristics is contained
in Appendix G. Values for the fixed characteristics and the ranges for the
variable elements of the lateral-directional control system were selected
as appropriate for modern high performance fighter aircraft engaged in Flight
Phase A and C tasks.

TABLE 2-1

LATERAL-DIRECTIONAL EXPERIMENT VARIABLES

FLIGHT
VARIABLE PHASE NOMINAL VALUES TESTED COMMENTS
CATEGORY
) A e .15, .25, .45, .8sec. - Simulation minimum
e is .15 sec.
(Roll
Damping) - MIL-F-8785C Level 1
maximum s is 1.0 sec.
C e .2, .25, .45, .8 sec.
p /FAS A e 10, 18, 25 deg/sec/1b - Spans approximate
88 MIL-8785C Level 1
(Related to limits.
Command
Gain Lé )
AS
(© e 5, 10 deg/sec/1b - Spans approximate
MIL-8785C Level 1
limits.
e £ A,C ® 0, 55, 75, 105, 125, 225ms | - See Appendix G for
(Equivalent details.
Time Delay)
7
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TABLE 2-1 (concluded)

FLIGHT
VARIABLE PHASE NOMINAL VALUES TESTED COMMENTS
CATEGORY
T s +1 A,C e Lag (rl =0): T, =.025, - Nominal configurations
= all included .025 sec.
Ty s+1 .10, .17, .30, .5, 1.0 sec (40 rps) prefilter.
(Prefilter) e Lead/Lag: 3 = .05, - Used with TR==0.45
Ty = .025 and T = 0.80 cases.
e Lag/Lead: T, = .15 - Used with rR=0.15 cases.
Ty ® .4
Nonlinear A,C o 4 Types - See Appendix G for
Command description.
Gain
2 A e .35, .8 - Nominal configurations
DR p
included lower CDR value.
(Dutch Roll
Damping © e .35, .6 - See Appendix I for
Ratio) mechanization details.
2.3 EXPERIMENT CONFIGURATIONS

Experiment configurations were formed by choosing combinations of:

t_and L/

R

Tl,

Fas

T, (lateral prefilter characteristics)

o (lateral equivalent time delay added to control system)

Lateral command gain shape (linear or nonlinear)

%DR

The complete lateral-directional characteristics for an evaluation
configuration consists of a combination of these elements as illustrated in

Figure 2-3.

Other pertinent constant configuration characteristics including the
complete lateral-directional transfer functions are summarized in Appendix G,



Baseline Lateral-Directional Configurations

2N
The first step before the effects of the major control system elements

of interest ~ time delay and prefilter lag -~ could be properly evaluated was
to evaluate a baseline set of configurations with different combinations of 1,
These baseline configurations were all flown with a 40 rad/sec lag

r
and Lz
prefilter because of VSS lateral noise considerations with force commands
In effect, these configurations can be con-

(see Appendix I for details).
sidered to be without significant control system dynamics.

The baseline configurations are presented in Figure 2-4 on a plot of
Tp Versus LAAS . Configurations were selected to lie along lines of con- -
stant pss/FAS:
Two digit numbers are used to identify each baseline configuration:
first digit indicates level of roll damping (higher numbers: higher damping -
smaller rR), second digit indicates level ofpss/EAS (higher numbers: higher
steady-state roll rates per pound) and therefore lateral command gain A
" AS

for a given % value. The prefix "L' designates configurations evaluated in

the approach and landing task. For example,
Configuration 3-4: Tp

S, 10, 18 and 25 deg/sec/1b as shown.

= 0.25 sec

pss/FAS = 25 deg/sec/1b

Other Lateral-Directional Configurations and Identification System

2.3.2
During the remainder of the experiment the effects of time delay,
prefilter dynamics, nonlinear command gain and Dutch roll damping ratio on the
baseline TR/L} combinations were evaluated. The primary emphasis in the

AS
experiment was the investigation of the effects of time delay and prefilter
lag for the various Flight Phase Category A and C tasks described in Section 3.
First, the effects of the experiment variables were evaluated individually
and then, to the extent possible in the context of this experiment, in

combination.

Each configuration represents a particular combination of the ex-
periment variables as previously discussed and illustrated in Figure 2-3.
The creation of an experiment configuration in building block fashion is
illustrated in Figure 2-5 which serves as the guide for the configuration
identification system used in this report. The specific configurations tested
are listed in Tables A-1 and A-2 in Appendix A.

———
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KEY:

(:;) Flight Phase Category A
g\ Flight Phase Category C

(Prefix "L" Used)

Config. No.

Figure 2-4:

2 3

pss/FhS
deg/sec
1b
———
0.15s T (sec)

7 1/}R (rad/sec)

BASELINE CONFIGURATIONS (ALL INCLUDE AN ACTUATOR
AND PREFILTER WITH t, = .025 SEC)

10




T s+1
BASEL INE S
IDENT. s Pss/Fas = ™
f) -1 .8 5 NOMINAL 0 .025
2-1 .45 5 3 0 .10
%1 .25 5 F2 0 17
4-1 .20 5 F3 0 .3
1-2 .8 10 Fa 0 .50
2-2 .45 10 F5 0 1.0
3-2 .25 10 Fé T
5-2 .15 10 F7 .05 | .025
i3 .8 18 *
2-3 .45 18
3-3 .25 18 NONLINEAR GAIN
5-3 -15 18 NOMINAL LINEAR
et B = N1 DIGITAC
= = 25 N2 |2 BREAK POINT (25)
* Prefix for Category C task N3 t (18)
f N4 " (10)

L) '8<2 MFl: tp = -15sec, p  /F,. = 10 deg/sec/1b

s 75ms, Prefilter T .1 sec
Linear, Spp S35

EQUIVALENT TIME DELAY, Tp (msec)™® *
NOMINAL 0 " D.R. DAMPING RATIO (%R)
i 2 NOMINAL ~ 0.3
I 75 D1 “ 0.6
i 105 D2 ~ 0.8
T3 125
T4 225
* Tp Added to Roll Control System EXAMPLES

2.) L1-2F2: \Landing Task, T, = .Bsec, pss/FAS = 10 deg/sec/1b

T 0, Prefilter T, =
Linear, Spr ™ 535
NOTE: Nominal values assumed unless noted otherwise

Figure 2-5: EXPERIMENT CONFIGURATIONS
11
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2.4 EVALUATION TASKS

Flying qualities evaluations are dependent on configuration charac-
teristics and the task being performed. It has been shown that evaluations
of highly augmented aircraft with significant control system dynamics are
particularly sensitive to task. For example, the flying qualities of aircraft
with large time delays in the longitudinal flight control system can degrade
dramatically during the last 50 ft prior to landing when a precision landing
is the task (see Reference 8). This "flying qualities cliff' may not be
exposed if the task constraints are relaxed; if, for example, no landing is re-
quired or the precision landing goal is removed. Also, if the visual environ-
ment cues are sufficiently inhibited (as in a ground-based simulation) such
that the pilot is not properly stressed and his "gain" does not approach real
task values, the serious flying qualities deficiencies may not be observed.

For this experiment, which is primarily concerned with the effects
of representative higher order lateral control system elements on lateral-
directional fighter flying qualities, it was therefore imperative that realistic
tasks be used for the evaluations. Since the tests were performed in the NT-33A
aircraft, the visual environment was the '"perfect" real world and no com-
promises existed in that area. Within the constraints of flight safety, every
effort was therefore made to make the tasks realistic. Tracking was done
using a real target; refueling included all the ingredients of the real task
except the actual transfer of fuel. Close formation maneuvers were on the wing
of the target aircraft; finally, the approach and landing tasks included
precision actual touchdowns. In addition, realistic HUD tracking tasks were
included to evaluate the validity of HUD evaluation tasks. In every case,
tasks were intended to direct the pilot's attention to the evaluation of
lateral flying qualities.

1) Flight Phase Category A Tasks

Close Formation Flying
Air-to-Air Gun Tracking
Air-to-Air Refueling
HUD Bank Angle Tracking
HUD Heading Tracking

2) Flight Phase Category C Tasks

° Instrument Landing System Approach and Visual Landing
° Visual Landing
. HUD Bank Angle and Heading Tracking

A detailed description of these evaluation tasks and the associated
performance standards is presented in Appendix D. During the course of the
experiment, modifications were made to some of the tasks in accordance with the
evaluation results as discussed in the same appendix.

12
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Section 3

CONDUCT OF THE EXPERIMENT

3.1 SIMULATION SITUATION

For this program, the simulated aircraft was defined as a typical
modern, single-seat, fighter aircraft (Class IV). Where appropriate, such as
during simulated instrument tasks, the pilot was required to extrapolate to
this fighter aircraft environment which would include realistic additional
cockpit duties.

The simulation guidelines given to the evaluation pilot are refer-
enced below.

. Modern high performance fighter/attack aircraft
° Close formation flying
] Air combat maneuvering

Fine gun tracking

Initial acquisition of tracking solution

° Air-to-air refueling

. ILS approach in instrument conditions

° Visual approach and landing with/without
- turbulence

- crosswinds
- offsets at decision height

. Evaluate lateral-directional flying qualities.
Consider task performance and pilot compensation.
. Evaluation of lateral flying qualities is primary. Use

of rudder is allowed if necessary, or if rudder sig-
nificantly improves task performance/reduces pilot
compensation. Otherwise, use of rudder should be
kept to a minimum.

Since inclusien of wind and turbulence as controlled variables was
beyond the scope of the program, flights were conducted in a wide range of
wind and turbulence; conditions encountered are considered normal for typical
fighter operations. The pilots were asked to evaluate the aircraft in the
condition of the day, but to comment, if appropriate, on the projected effects
of different representative wind and turbulence conditions.

3.2 EVALUATION PROCEDURES

In general, complete flights were devoted to either Flight Phase
Category A or Category C tasks. Configurations were always flown in random
order and the evaluation pilot had no prior knowledge of the configurations
under evaluation. An average of approximately S5 evaluations were flown on
each flight. A complete summary of the program evaluation sequence is given

13
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in Table B-1 in Appendix B. Air refueling evaluation missions were flown from
Naval Air Station Patuxent River; the remainder of the flights originated from
the Calspan Flight Research Facility in Buffalo. [ILS and landing tasks were
pertormed at Niagara Falls [nternational Airport 20 miles from Buffalo.

The details of each evaluation task are presented in Appendix D;
the evaluation sequence for each task was as follows:

° Formation and Gun Tracking (TR):

Take off and climb to 10,000 ft MSL/280 KIAS

Join on target aircraft

Set up first evaluation

E.P. (Evaluation Pilot) performs close formation task

E.P. performs air-to-air gun tracking tasks

NT-33A assumes formation lead

E.P. and S.P. (Safety Pilot) record pilot comments and ratings
Take necessary calibration records

E.P. performs short HUD bank angle and heading tracking tasks
Target assumes formation lead

Repeat evaluation sequence as required.

e HUD Tracking (HUD):

Take off and climb to 10,000 £t MSL/280 KIAS
Set up first evaluation

E.P. performs long bank angle tracking task
E.P. performs long heading tracking task

E.P. and S.P. record pilot comments and ratings
Take necessary calibration records

Repeat evaluation sequence as required.

e Air Refueling (AR):

Take off and rendezvous with tanker

Set up first evaluation

E.P. performs air-to-air refueling task

E.P. and S.P. record pilot comments and ratings

Take necessary calibration records

Repeat evaluation sequence as required.
If circumstances allow, E.P. performs short HUD tracking
tasks after each rating/comment phase.

e ILS Approach and Landing (LA):

Take off and proceed to ILS pattern

Set up first evaluation

E.P. performs ILS approach/visual landing task
E.P. and S.P. record pilot comments and ratings
Take necessary calibration records

E.P. performs short HUD tracking tasks

E.P. returns to simulated IMC flight

Repeat evaluation sequence as required.

14
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Visual Landing (LA):

Take off and proceed to traffic pattern

Set up first evaluation

E.P. performs visual landing task

E.P. and S.P. record pilot comments and ratings
Take necessary calibration records

E.P. performs short HUD tracking tasks

Repeat evaluation sequence as required.

EXPERIMENT DATA

The primary data from the experiment take these forms:

Pilot Ratings

At the completion of each evaluation, the pilot was asked to
assign a pilot rating using the Cooper-Harper Rating Scale
(Reference 12) as shown in Figure 3-1.

These ratings were assigned immediately after the completion
of the evaluation tasks before making any detailed pilot
comments; a review of the initial rating was a part of

the comment card reproduced in this section.

In addition to the evaluation pilot rating, the safety pilot
assigned a pilot rating before the evaluation pilot gave his
rating. This additional rating can be used to increase the
credibility of the evaluation pilot's rating and potentially
as an aid to understanding any rating discrepancies.

Pilot Comments

After the initial rating, the pilot was asked to make recorded
comments on specific items listed on the Pilot Comment Card
which is reproduced below as Figure 3-2.

Task Performance Records

Complete records were taken of task performance during each
evaluation using the NT-33A 28 channel digital magnetic
tape recorder.

These records included complete records of the HUD tracking

task performance; both the input commands to the pilot, the
error signal created and his response were recorded.

15
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HANDLING QUALITIES RATING SCALE

AOEQUACY FOR SELECTEO TASK OR AIRCRAFT
REOVIRED OPERATION* CHARACTERISTICS

IN SELECTED TASK OR REQUIREO OPERATION® RATING

OEMANOS ON THE PILOT P'LO\‘j

Esceilent
sgn'y desirabre

{; dMbensaton a tactor tor
desited pertormance

200d

Neglgibie deliC.encies

Puot comoensat t a tactor for
desired pertormance

Fair — Some mitaty
unpleasant gefic.encies

M:n.mal oilot compensar.on reqQuired for
desired pertormance

M:nor but annoying

satsfactory withoul

Att@natie wit

geticiencies

s

wareant

mprovemen:” morovement

deficiencies

Cons:derabie ol COMpensaton

Very objectionable dbut Agequale performance requires extensive
lolerat e detic-encies triot comoensation

5 adequ ate

Major deficiencies

Adeduate performance not attainabie wah
Max.Mmym lolerabie prlot Compensanon
Controftabinty not in Question

Deticiencies
require
improvement

perorm sne

Dilot wor lcad™

Major geficiencies

Considerable pilot compensalion 1§ reguired
tor control

Major deticiencies

tntense pitot compensation 1s reguiied to
retan control

Des:ied periormance tequires moderate o
biict compensation
N Deficiencies Moderately objectionaole Adequale perlormance requires e

s
t controliabie?

[ |mprovement
1 mandatory Magor deticiencies

Controt wilt be lost during some portion ot @
reguired operation

_

Piiot decisions

Cocper-Haiper  Aef NASA TND- 5153

# Detini1:0n Of tequired ODErAlon MvOives desgnation of ignt pRase and. or

SLOPRASES wiIh JCCOMPINYINgG CONGIONS

Vo N
DEFINITIONS FROM TN-D-5153
COMPENSATION PERFORMANCE
The measure of additional pilot effort The precision of control with respect to
and attention required to maintain a aircraft movement that a pilot 1s able to
given level of performance in the face of achieve in performing a task. (Pilot-
deficient vehicle charactenstics. vehicle performance is 3 measure of
handling performance. Pilot perform-

HANDLING QUALITIES ance is a measure of the manner or
Those qualities or characteristics of an efficiency with which a pilot moves the
aircraft that govern the ease and preci- principal controls in performing a task.)
sion with which a pilotis able to perform
the tasks required in support of an air- ROLE
craft role. The function or purpose that defines the

rimary use of an aircraft.
MISSION primaty
The composite of pilot-vehicle functions TASK
that must be performed to fulfill opera- ™ | K e | b
tional requirements. May be specified for c; actu: el aslsltgne fa PR 10 162
a role, complete flight, flight phase, or (R AASLTE ;n zompe 'ogfc" :' £ Uil
flight subphase. sentative of a designated fhght segment.
WORKLOAD
The integrated physical and mental effort required
to perform a specified piloting task
-/
‘Figure 3-1: COOPER-HARPER PILOT RATING SCALE
16
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PILOT COMMENT CARD

Assign overall Cooper-Harper Rating.

Attitude Control (as applicable)

Hho a0 ol

Undesirable Motions (PIO/Ratcheting)
Initial vs. Final Response
Predictability

Precision/Accuracy vs. Aggressiveness
Tracking - Fine vs. Gross
Compensation Techniques (Rudder?)

Position Control

a.
b.
c.
d.

Overshoots

Precision/Accuracy vs. Aggressiveness
Maneuvering Target vs. Nonmaneuvering
Compensation Techniques

Flight Path Control (if applicable)

Trimmability (Velocity Control Problem?)

Precision/Accuracy (Heading, Bank Angle, Track)

Instrument vs. Visual
Small vs. Large Changes

Forces
Displacements
Sensitivity
Harmony

Turbulence/Crosswind Effect on Rating
(None, Minor, Moderate or Severe)

Review Cooper-Harper Rating - Any Change?

a.

Rate Any Subtask if Significantly Different

From Overall

Summary of Features Not Already Covered
HUD Tracking Task

a.
b.
c.

Similar to Primary Task?
Rating (If Different From Primary Tasks)
Deficiencies of HUD Task

Figure 3-2: PILOT COMMENT CARD

17



. ——— N —r

In addition to these data, HUD movies were taken during the various
tasks, including the HUD tracking tasks, to illustrate pilot performance.

The results of the experiment are discussed in the next major sec-
tions; examples of the task performance data are given in Appendix E.

3.4 EVALUATION SUMMARY

Three qualified evaluation pilots participated in this flying qualities
investigation; their backgrounds are as follows:

Pilot B - Calspan Research Pilot, limited experience as a flying
qualities evaluation pilot but extensive experience
as a flying qualities instructor pilot at the
military Test Pilot Schools. Extensive military
fighter experience including air refueling; has
approximately 2500 hours in fighter aircraft.

Pilot G - U.S. Naval Test Pilot, current F-18 test pilot
during evaluation period. Extensive military
fighter experience including air refueling;
has approximately 3500 hours in fighter aircraft.

Pilot P - Calspan Research Pilot, experienced flying qualities
evaluation pilot. His 4500 flight hours include
experience in a variety of fighter aircraft.

The three evaluation pilots performed a total of 214 evaluations of
118 different configurations during the program; 42 evaluation flights of
approximately 1.3 hours each were flown. A summary of the flights for « .ch
pilot on the different tasks is presented below. Evaluations were distributed
by pilot in approximately the same proportions as for the flights. There was
approximately 20% overlap in configurations and each pilot repeated approxi-
mately 20% of his evaluations,

A complete summary of the evaluations performed is presented in
Appendix B. The pilot rating results for the evaluations considered to repre-
sent valid flying qualities data are given in Appendix A. Approximately 10%
of the original evaluations were rejected from the experiment data base as
discussed in the appendix. Pilot comment data for all the evaluations per-
formed are contained in Appendix C.

18




TABLE 3-1
EVALUATION FLIGHTS

{ Task Pilot B Pilot G Pilot P Total
TR 15 2 4 21
! AR 3 4 - 7
H HUD 2 - 2 4
{ LA 3 - 7 10
|
TOTAL 23 6 13 42
i
!
{
{
1
19
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Section 4
EXPERIMENT RESULTS

The purpose of this section is to present the pilot rating results
of the experiment which, along with the pilot comment data, form the data base
for the more detailed discussion and analysis of the results presented in
Sections 5 and 6. A summary of all the data discussed in this section is
presented in Appendix A, Tables A-1 and A-2. As explained in Appendix A not
all the evaluations performed are included in the data base. The evaluation
sequence given in Appendix B and the pilot comment summaries contained in
Appendix C include all the evaluations performed; the rationale for the
exclusion of particular configurations is also presented.

The major thrust of this experiment was to gather a lateral flying
qualities data base applicable to highly augmented fighter aircraft with
significant control system dynamics in the form of time delays and lags.
Secondary, sub-experiments of an exploratory nature were also performed to
investigate the effects of special filtering (lead/lag, lag/lead), nonlinear
command gain shaping and high Dutch roll damping. The presentation of the
results of this multi-dimensional experiment in an orderly fashion is not
easy. To assist in this effort the results of the gun tracking (TR) and air
refueling tasks (AR) are combined and the HUD only evaluations are not included
directly in the data base. The justification for this step is given in the
next two subsections.

4.1 COMPARISON OF TRACKING (TR) AND AIR REFUELING (AR) RESULTS

The averaged pilot ratings for the two tasks are compared in Figure
4-1. Use of averaged pilot ratings is the method by which trends of the data
can be seen most clearly. In addition, the fact that the evaluation pilots
were fortuitously representative of a wide, but realistic, range of pilot
task aggressiveness makes the averaging process more credible. In the context
of the typical inter and intra pilot ratings scatter in the experiment (see
Section 5 for details), the results for the two tasks are similar. The TR and
AR pilot rating results are therefore considered together in this report for
convenience in presenting the results. In analyzing the data, however, the
pilot comments and ratings cannot be viewed separately nor can the task differ-
ences (Appendix D) be disregarded.

The majority of the large deviations from perfect correlation are
ratings involving Pilot G who tended to be considerably more aggressive in the
refueling tasks and tended to give significantly higher pilot ratings than
Pilot B. Pilot B could be viewed as the most representative pilot in terms of
his approach to the tasks. In addition, his use of the rating scale and
comment card was more thorough.

4.2 COMPARISON OF TRACKING AND REFUELING (TR + AR} RESULTS WITH
HUD-ONLY RESULTS

The averaged pilot ratings for these tasks are compared in Figure 4-2.
HUD-only results are for the evaluations in which only HUD tracking tasks were

20
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PILOT RATING (AR)

COMPARISON OF AVERAGED PTLOT RATINGS FOR GUN
TRACKING (TR) AND AIR REFUELING (AR) TASKS
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(RATING) : ; : ; / : e : : i
TR, AR s s : 5 s a : a a
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Figure 4-2: COMPARISON OF AVERAGED PILOT RATINGS FOR GUN TRACKING (TR)
AND AIR REFUELING (AR) TASKS WITH HUD TRACKING TASK DATA
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evaluated. Abbreviated lengths of the HUD tracking tasks were generally
performed after the tracking (TR) evaluations, but separate ratings were not
part of the evaluation scenario. Special comments were given where appropriate
and in some cases estimated ratings (see comment summaries in Appendix C).

Although the scatter in the data is larger than for the other task
comparisons, in the context of the inter and intra pilot rating variability
shown in this experiment, the results for the HUD-only evaluations are
representative of those given for the actual tasks. Further support for this
generalization can be found in the pilot comments for the actual tracking
task when HUD tasks were also included. In the majority of cases the pilots
indicated that the observations from the HUD task were similar to those for
the real tracking task.

These findings support the premise that HUD-displayed tasks can evoke
the same flving qualities "answers' as evaluation tasks with target aircraft.
This equivalence is, however, subject to the contraints that the pilot's
"sense' of the task is properl) calibrated and the displayed tasks are correctly
designed. Specifically, the HUD-only evaluations were interspersed among the
target evaluations tasks; the pilots were tuned to the task and fully aware of
the task performance and aggressiveness levels that are realistic for the
actual, target tasks. Also, the displayed tasks were adjusted, although not
fine tuned, initially so the dynamics of the displayed task were compatable
to the targeted task in terms of the magnitudes and frequencies that the attitude
commands changed. Showing the equivalence of the HUD tasks and the targeted
tasks for flying qualities evaluation achieves a sub-objective of this program.

These HUD-only data are not, however, used as part of the experiment
data base except for guidance when no other data exists. The multitude of data
from the targeted evaluations permits the convenience of omitting the HUD-only:
data for clarity.

4.3 BASELINE PILOT RATING DATA, TR + AR TASKS

The baseline configuration pilot rating data for the tracking and
refueling tasks for all the evaluation pilots are given in Figure 4-3. Note
that all baseline configurations include a prefilter (with t, = .028) a~d
actuator as explained in Section 2. Also presented are the averaged pilvt
ratings for these tasks. Estimated PR = 3.5 and 6.5 boundaries are included on
the averaged data plot.

4.4 BASELINE PILOT RATING DATA, LA TASKS

The baseline configuration pilot rating data for the approach and
landing tasks for all the evaluation pilots are given in Figure 4-4. Note that
all baseline configurations include a prefilter (with 1, = .025 sec) and
actuator as explained in Section 2. Also presented are the averaged pilot
rating for this task. No pilot rating boundaries could realistically be
estimated with the limited data set.

to
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1204 | KEY: PI;.OT RATINGS /@ /@7
T ey 'y
Config. No. /////
100+ 7
% * Refueling Task (AR) S:tjf ped

(deg/sec?) AVERAGED PILOT RATINGS il
; 0
100 +
80+
60+
|
40 +
204
' 1 l_'L
0.8  0.45 0.25 0.2 " 0.5 tp (sec)
0 1 2 3 4 5 6 7 1/1R (rad/sec)
Figure 4-3: PILOT RATING DATA, BASELINE CONFIGURATIONS, GUN TRACKING (TR)

AND AIR REFUELING TASKS (AR), FLIGHT PHASE CATEGORY A
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1204 | KEY: PILOT RATINGS
B
=4 P‘QG
Config. No.

100+ (Add "L" Prefix)
£0 4+

- 10
60+

- pss/FAS
deg/sec
15
Ll
Fas —
120+
(de ]bSEC) | AVERAGED PILOT RATINGS

1004+
804

0.8 0.45 0.25 0.2 0.15 % (sec)
2

3 4 3 g 7 l/rR (rad/sec)

Figure 4-4: PILOT RATING DATA, BASELINE CONFIGURATIONS,
LANDING TASK (LA), FLIGHT PHASE CATEGORY C
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4.5 EFFECTS OF TIME DELAY

The effects of adding equivalent time delay (see Appendix G for
details of delay characteristics) to selected baseline configurations are
presented in Figures 4-5a through d for Flight Phase Category A (TR + AR)
and Flight Phase Category C (LA) tasks. Time delay configuration identifiers
are shown on the bottom axis of each set of plots. Additional analyses are
required to determine the total equivalent time delay of the experiment flight
control system including the prefilter and actuator and also, the resulting
equivalent roll mode time constant.

Equivalent time delay derived by the frequency domain matching tech-
nique advocated by the McDonnell-Douglas Corporation ('"McFit'') has been used to
measure the added time delay because the time delay circuit of the NT-33 consists
of a pure digital delay plus two analog filters which contribute '"equivalent"
delay. Equivalent time delay is therefore a convenient approximation of the
added initial response delay. Nearly identical values of time delay are mea-
sured for the time delay network by time domain equivalent techniques such as
that used in Section 6 ("effective'" time delay) in the context of this experi-
ment. The time delay circuit is described fully in Appendix G.

For all of the figures, the averaged pilot ratings are presented;
where applicable, the range of pilot ratings is also shown.

4.6 EFFECTS OF PREFILTER LAG

The effects of adding increased prefilter lag, above the nominal
.025 sec first order lag, to selected baseline configurations are presented
in Figures 4-6a through d for Flight Phase Category A (TR + AR) and Flight
Phase Category C (LA) tasks. Prefilter configuration identifiers are shown
on the bottom axis of each set of plots.

For all the figures, the averaged pilot ratings are presented; where
applicable, the range of pilot ratings is also shown.

4.7 EFFECTS OF PREFILTER LAG AND TIME DELAY COMBINED

The effects of adding specific prefilter lags and time delay in
combination to selected baseline configurations are included in Figures 4-6a
through c. For clarity the averaged pilot rating for the time delay alone
evaluation has been added to the figure; full configuration identifiers are
included for the time delay alone and the combination ratings.

4.8 EFFECTS OF SPECIAL PREFILTERS
The effects of adding special filters ("F6'" a lag/lead prefilter,

"F7" a lead/lag prefilter) to selected baseline configurations are included
in Figures 4-5a through c.
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4.9 EFFECTS OF NONLINEAR COMMAND GAIN

The effects of using special non-linear command gain implementations
(see Appendix G for full descriptions) in place of the baseline linear gain
schedule for selected baseline configurations are illustrated in Figures 4-7a
and b. In some instances HUD-only ratings were used for comparison because
the desired real task data was not valid or not obtained because of schedule
constraints.
™

4.10 EFFECTS OF INCREASED DUTCH ROLL DAMPING

The effects of increasing the Dutch roll damping ratio (Zpp) from the
nominal 0.35 value on selected baseline configurations for Flight Phase Cate-
gory A (TR + AR) and C (LA) tasks are shown in Figure 4-8. Again, where
necessary HUD-only ratings are used for comparison. Note that Configuration
3-4T1F1 is used for comparison with 3-4T1F4D2 since 3-4T1F4 was not evaluated;
since the presence of the time delay dominates the ratings,3-4T1F4 would not
be rated better than 3-4TI1Fl.
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Section 5

DISCUSSION OF THE RESULTS

The purpose of this section is to present a discussion of the results
outlined in Section 4. Preliminary analysis of the results including correla-
tion of the results with existing criteria and data is summarized in Section 6.
A necessary foundation for this discussion is a review of the performance of
the evaluation pilots in terms of their inter and intra pilot variability.

5.1 INTER AND INTRA PILOT RATING COMPARISONS

Two aspects of the evaluation pilot rating performance are of inter-
est: comparison of ratings by the different pilots of the same configuration
(inter pilot ratings), and comparison of repeat ratings by the same pilot of a
configuration (intra pilot ratings). The inter and intra pilot rating comparison
data are presented in Figure 5-1.

The following comments on the comparisons can be made:

o All of the pilot ratings were reasonably consistent in that fhe
majority of their repeat ratings fell within a 1 rating point
variation, Pilot B, who has the most repeat evaluations, was
particularly consistent. He was thorough in the use of the
rating scale and his results substantiate the merit of the
rating scale when used as designed.

° Pilot G tended to give higher ratings than Pilot B particularly
for the sensitive configurations. There are two reasons for
this trend. Pilot G was clearly more aggressive than the other
pilots and therefore often observed stronger degradations in
performance; in addition, he tended to be less thorough in
using the rating scale.

o The data indicates that Pilot P had a tendency to give higher
ratings than Pilot B. However, three of the high deviation points
are from one high rating by Pilot P for Configuration 2-3T1 which
was rated three times by Pilot B.

In summary, the evaluation pilots performed their evaluation role
very well, The three pilots represented a realistic cross section of piloting
aggressiveness with Pilot G being clearly the most aggressive in his approach
to the tasks, Pilots B and P approached the tasks with similar degrees of
aggressiveness.

Since the pilots were representative of a realistic cross section

of fighter pilots, averaging their ratings to determine the trends in the pilot
rating data is reasonable.
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5.2 CATEGORY A (TR + AR) TASKS

The approximate PR = 3.5 (Level 1) and the PR = 6.5 (Level 2)
boundaries drawn on Figure 4-3 show that the data from this experiment indi-
cates limits on roll damping (TR) and command gain (Lé J. The values of
steady-state performance, F;S/Fhs used in this experimégt appear to be
satisfactory provided satisfactory values of 1_ and L! are selected.

R FhS

The data suggests minimum values of ) of:

Level 1 (PR £ 3.5) = 0.3 secs

Level 2 (PR < 6.5) 0.17 secs

and maximum values of Lﬁ of:
AS

[}

Level 1 S5 deg/secz/lb

]

Level 2 = 110 deg/sec?/1b

Assuming that the Dutch roll mode is effectively cancellgd, and that
the spiral mode is neutral, (both valid assumptions for this experiment; see
Appendix G for exact transfer functions), then:

L'
- Fas . Pss = Lt 5
8 (8 ’
Fyq (8 + 1/1'R) FAS Fys R

Without significant control system dynamics, as in the baseline
configurations,

. L' is a measure of the initial roll acceleration
AS per unit stick force
[]

. Ty is the dominant factor in the predictability of
“ the final response
° pee/gAS is a measure of the roll control sensitivity

to pilot inputs

P../F,o is related to the gross roll maneuvering performance and is

of course, 8°fuftdtion of L! and Tpe Lé and T, are of direct importance

F
to the fine tracking perforfilince of the airéfaft. All of these parameters are
interrelated and the discussion of the data can therefore be made from several
different viewpoints. From the pilot's viewpoint, for a given task he desires

good initial response (QMAX/RAS or.L% for the baseline configurations),
AS
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predictable final response (good value of t,) and satisfactory roll performance
(pss/FAS) for acceptable stick force levels.

Correlation of all the Category A data including the baseline config-
urations and those with added time delay and prefilter lag is discussed in
Section 6.

O0f primary interest is the observed trend from the pilot rating data
which indicates a degradation in pilot rating as t_ is decreased at essentially
constant L' and satisfactory values of pss/FAS' The data suggests that
there are lgWEr (1, too short) limits as well as the well-documented upper
(TR too large) limits on roll mode time constant. Since modern aircraft are

typically highly damped in roll the experiment concentrated on the short time
constant flying qualities boundaries.

Baseline configurations 2-4, 3-3 and 5-2 are obvious candidates for
discussion; they are configurations with approximately constant initial acceler-
ation to a pilot input (L' ) yet the averaged pilot ratings degrade from 3.5

to 7 as e decreases from 0.45 to 0.15 sec for otherwise satisfactory values

of pss/FAS (25 to 10 deg/sec/1b).

5.2.1 Baseline Configurations 2-4, 3-3 and 5-2 (''Roll Ratcheting")

As shown on Figure 4-3, the pilot ratings degrade as i) is decreased

in moving from 2-4 (PR = 3.5) to 3-3 (PR = 5) to 5-2 (PR = 7). Typical pilot
comments were:

Config. Pilot Eval. No. Comments
2-4 B 124 "Precision/accuracy good even when
aggressive'
3-3 P 119 "Desired performance obtained but

jumpy response'

B 44 "Definite ratcheting - small
corrections during fine tracking
were a problem"

5-2 B 12 "Wing rocking, roll oscillations,
quick, sharp, ratcheting - certainly
did bother fine tracking (rudders
didn't help)"
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The pilot comments and ratings indicate that a lower limit of roll mode
time constant was defined by degraded lateral flying qualities due to "'roll
ratcheting"”. Roll ratcheting was a term commonly used by the evaluation pilots
to describe a configuration's roll response which was objectionably abrupt,
resulting in a very high frequency, pilot-induced oscillation ("wing rocking").
This roll response was also characterized as having ''square corners' or being
very "jerky'.

The puzzle presented by this data is centered on the fact that as t
is decreased the ¢/F,. transfer function becomes more "X/s like"”. Since the °
general assumption is”that pilots prefer X/s type systems, the pilot ratings
should improve with increased roll damping (1 ereasing), not degrade. The
data, both pilot ratings and comments, however do not appear to support this
position.

Although the scope of this present effort precludes a very extensive
exploration into this apparent contradiction, it is logical to look into the
experiment data more carefully and to review outside data sources for suitable
information.

1. HUD Tracking Task Data

Sample HUD tracking task data for baseline Configurations 2-4, 3-3
and 5-2 are contained in Appendix E. Specifically, the same set of configura-
tions listed in the above table are of interest. HUD tracking task data for
configurations 5-2 arnd 2-4 are also shown in Figures 5-2 and 5-3.

The following observations from these records can be made:

° The tracking performance in terms of the ¢ERROR is essentially the

same for each configuration in that no overshoots or oscillations
are present. Tracking movies for each configuration indicate
equally good performance.

° Small amplitude oscillations are evident in roll rate and roll ac-
celeration for Configuration 3-3 (Pilot B) and strongly present for
Configuration 5-2. Frequency of the ''ratcheting'" is = 16

rad/sec.

) These oscillations are pilot-induced.

° Nulling of the tracking error is done less crisply for
Configurations 3-3 and 5-2 in that a long "tail" exists on
the ¢ERROR trace.

. The roll rate and lateral stick force traces for 5-2 are

less sharp than for 2-4 indicating that the pilot is perhaps
intentionally flying smoothly (applying lag compensation) or
backing out of the closed loop in the presence of the
ratcheting potential of the configuration.
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° Although not shown, the sideslip excursions during the task
are about the same for all configurations.

The tracking records indicate that the ratcheting problems certainly
were real. It is interesting to note that little deterioration in performance
as measured by bank angle errors in the HUD task or pipper motion in the gun
tracking task is apparent; in fact, desired performance can often be achieved
yet the overall aircraft is judged to require improvement, i.e. "ratcheting is
not acceptable'. These characteristics resulted in a PR = 7 for Configuration
5-2. This situation often led to a '"rating/comment anomaly" as discussed in
the next subsection.

The problem of ratcheting is almost a ride qualities concern in that
the angular accelerations or lateral accelerations at the pilot's head are.the
major problem; the aircraft doesn't move far but the ride is unacceptable in
the fighter task. A simulation that did not include very accurate accelerations
at the pilot station would not therefore expose the 'ratcheting" difficulties
observed in this experiment. Perhaps the experiments which verified the )
"goodness" of K/¢ systems did not properly re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>